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ABSTRACT
A fully deterministic simulation model that requires only external boundary conditions as the input parameters
is newly developed by experimentally investigating the off-design characteristics of an organic Rankine cycle. The
experiment is conducted by varying the boundary conditions of the system to examine the self-adapting features of
the internal parameters using R245fa as the working fluid. The formation process of the evaporation and condensation
pressure is revealed in terms of controllability and the liquid receiver is designed as a passive method. Mass
distribution of various components is elucidated by developing heat exchanger models via discretization method and
void fraction model. In addition, the complex mechanism of under- and over-expansion process of the scroll expander
is numerically analyzed with the aid of deterministic white-box model. The fully deterministic simulation model of
organic Rankine cycle only requires the external boundary conditions as input parameters without using any
assumptions. For this, the sub-models of each component are integrated into a three-stage solver reflecting the realworld phenomena of the system. The developed model is verified by inspecting the energy balance of the system
which is less than 0.3%. Furthermore, the simulation results are compared to experimental results and the model is
validated within 8% error range. Computational cost of the model is greatly reduced by implementing meta-models
without compromising the simulation results. The current method is compared to previous modelling methods to
observe the effects of assuming internal parameters as input conditions. The simulation model can detect operational
failure scenarios and accurately predict the off-design performance of the system. The developed model is fully
predictable without imposing internal assumptions and can be utilized for a variety of applications.

1. INTRODUCTION
Recently, distributed power generation has lured much interest due to the decentralization of heat and power
supply. As a result, research on the performance evaluation of the organic Rankine cycle (ORC) has also attracted
attention due to its advantage of low-temperature heat utilization. However, the system is constantly placed in a
situation where it must adapt to its surrounding environment, which is referred to as the off-design operation. In order
to predict the outcomes of such operation, numerous studies attempted to develop an off-design ORC model
throughout the years. Nevertheless, the difficulty in predicting the evaporation and condensation pressures has been a
major issue in developing a fully deterministic ORC model.
Quoilin et al. (2010) developed an early version of the off-design ORC model by interconnecting the sub-models
of the main components. The degree of subcooling was designated to calculate the condensation pressure in the
suggested model. Similarly, Manente et al. (2013) constructed an off-design ORC model by fixing the degree of
subcooling to 2K in all cases. Wang et al. (2014) pre-determined the degree of superheat and subcooling for the
calculation of the evaporation and condensation pressure, respectively, in their simulation model. Later on, an
advanced version of the ORC model was proposed by Ziviani et al. (2016), which is called the charge-sensitive model
owing to its calculation method. The charge-sensitive model iterates until the calculated system charged mass equals
to that of the input value. Dickes et al. (2018) improved the charge-sensitive model by focusing on the void fraction
and liquid receiver modelling. Recently, Moradi et al. (2021) proposed an assumption-free ORC model, which also
turned out to be a charge-sensitive model since it needs the active calculation of the liquid receiver mass.
Throughout the literature review, it can be seen that research regarding the off-design ORC model development
still needs pre-specification of the system output in order to predict the high- and low-pressures of the system.
Therefore, a simulation model that requires only the external boundary conditions as the input parameters is newly
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developed for the off-design ORC. This type of model is referred to as the deterministic model because the simulation
results are determined only by the input parameters without the involvement of randomness. To this end, experiments
were performed on a 1 kW lab-scale testbed using R245fa as the working fluid to investigate the off-design operating
characteristics of the ORC. Pressure formation processes and mass distribution phenomena are revealed with the aid
of numerical sub-models of the heat exchangers and scroll expander. The component models are then integrated into
a three-stage solver to develop a fully deterministic ORC model. The proposed model is experimentally validated and
compared to previous ORC models. The effects of imposing different types of assumption on the ORC model are
compared to each other to emphasize the importance of the reality-based logics. The suggested model can detect
operational failure and accurately predict the off-design performance of the system without any assumptions.

2. Experiment
2.1 Test facility
The photograph of the 1 kW lab-scale ORC testbed is shown in Figure 1. The working fluid is R245fa and the
heat source and sink fluid is water. The ORC consists of five main components: pump, evaporator, expander,
condenser, and liquid receiver. The working fluid is pressurized and transferred to the evaporator by the diaphragm
pump. After evaporation, the scroll expander rotates due to the expansion of the superheated vapor, where electricity
is generated via the generator. The working fluid is condensed to subcooled liquid by exchanging heat with the chilled
water. The liquid receiver stores the returned working fluid and supplies it to the diaphragm pump which completes a
cycle. The experimental data are recorded through a data acquisition system and is used for the development and
validation of the simulation model.
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Figure 1: Photograph of the ORC testbed

2.2 Test procedure
The boundary conditions of the ORC system are organized in Table 1. These parameters determine the overall
behavior of the system. The nominal conditions of the controlled parameters were determined by the size, capacity
and design of the system. In order to investigate the off-design performance of the test facility, each parameter was
changed one by one by conducting parametric studies. The heat source and sink temperature and flow rate, pump and
expander rotational speed, and charged mass were the key parameters controlled to observe the system's off-design
performance. It is notable that the heat source and sink pressure and ambient temperature were arbitrarily determined
and uncontrolled.
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Table 1: Boundary conditions of the ORC
Nominal Min.
Max.

Parameter

Unit

Heat source temperature

85

64.9

95.1

℃

Heat source pressure

-

178.6

185.0

kPa

Heat source volume flow rate 15

15.0

15.0

lpm

Heat sink temperature

20

7.9

24.1

℃

Heat sink pressure

-

174.4

176.0

kPa

Heat sink volume flow rate

17.3

16.8

17.7

lpm

Pump rotational speed

350

152.9

488.1

rpm

Expander rotational speed

3000

1597.7 3005.6 rpm

Charged mass

5.5

3.5

7.5

kg

Ambient temperature

-

19.2

24.9

℃

3. Component models
3.1 Diaphragm pump
The numerical model of the diaphragm pump was developed by adopting the semi-empirical method proposed
by Landelle et al. (2016) and Oh et al. (2021). This method provides both accurate prediction and physical
interpretation by introducing a set of thermodynamic equations integrated with a set of empirical data. The sub-model
of the pump requires the inlet conditions of the working fluid, outlet pressure, rotational speed, and the ambient
temperature as the inputs. After calculation, the model outputs the mass flow rate, outlet temperature, consumed work
as the results as seen through Equations (1)-(3).
𝜌𝑝𝑝,𝑖𝑛 𝑉𝑝𝑝,𝑠 𝑁𝑝𝑝
60 × 106
𝑇𝑝𝑝,𝑜𝑢𝑡 = 𝑇(𝑃𝑝𝑝,𝑜𝑢𝑡 , ℎ𝑝𝑝,𝑜𝑢𝑡 )
6
60,000
𝑊̇𝑝𝑝,𝑒𝑙𝑒𝑐 =
𝑁 +
𝑉̇ ∆𝑃
84,428 𝑝𝑝
511 𝑝𝑝 𝑝𝑝
𝑚̇𝑝𝑝 =

(1)
(2)
(3)

3.2 Scroll expander
Unlike in the case of the pump, the working fluid becomes highly compressible inside the scroll expander. This
compressible feature of the superheated vapor results in the presence of mass leakage occurring in the micro-scale
gaps between the rotor and stator which intrigues numerical difficulties in predicting the mass flow rate. As a result,
the sub-model of the expander was developed by applying the deterministic method proposed by Oh et al. (2020) for
more accurate prediction. Similar to the pump, the expander model requires the inlet conditions of the working fluid,
outlet pressure, rotational speed, and the ambient temperature as the inputs. In turn, the model outputs the mass flow
rate, outlet temperature, generated work as the results as seen in Equations (4)-(6).
𝜃𝑠

𝑚̇𝑒𝑥 = 𝑚̇𝑖𝑛𝑡 + 𝑚̇𝑙𝑒𝑎𝑘

1
∑ 𝑚̇𝑠𝑢𝑐 (𝜃)∆𝜃
=
2𝜋

(4)

0

𝑇𝑒𝑥,𝑜𝑢𝑡 = 𝑇(ℎ𝑒𝑥,𝑜𝑢𝑡 , 𝑃𝑒𝑥,𝑜𝑢𝑡 )
𝑊̇𝑒𝑥,𝑒𝑙𝑒𝑐 = 𝜂𝑚𝑜𝑡 𝑊̇𝑒𝑥,𝑚𝑒𝑐ℎ

(5)
(6)

3.3 Heat exchanger
The discretization method was adopted to develop the evaporator and condenser model. Both heat exchangers
are identical brazed plate heat exchangers with different number of plates. The Nusselt number and Darcy friction
factor correlations of single-phase and two-phase flow are carefully selected for the accurate prediction of heat transfer
and pressure drop inside the heat exchangers proposed by Jeong et al. (2020) and Oh et al. (2021). In addition, the
void fraction correlation of Premoli et al. (1971) was used in order to estimate the amount of mass in the two-phase
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region. The models require the mass flow rate and inlet conditions of the heat source and sink fluid along with that of
the working fluid. The outputs of the models are the heat transfer rate and captured mass of the working fluid as
written in Equations (7)-(9).
𝑄̇𝑎𝑐𝑡 = 𝜀𝐶𝑚𝑖𝑛 (𝑇ℎ,𝑖 − 𝑇𝑐,𝑖 )
𝑀𝑠𝑝 = 𝜌̅𝑠𝑝 𝑉𝑠𝑝
𝐿

(7)
(8)
𝐿

𝑀𝑡𝑝 = 𝑀𝑙 + 𝑀𝑣 = 𝐴𝑐 [𝜌𝑙 ∫ (1 − 𝛼) ⅆ𝑙 + 𝜌𝑣 ∫ 𝛼 ⅆ𝑙]
0

(9)

0

3.4 Liquid receiver
The passive design is used for the modelling of the liquid receiver proposed by Cao et al. (2019) and Oh et al.
(2021). The experimentally verified model disproves the previous methods of liquid receiver modelling that actively
calculate the liquid level of the working fluid inside the tank. The liquid receiver can be treated as an unusually large
pipe with no transfer of heat and work through the control volume. Therefore, the passive design model does not
require inputs and has no outputs. The liquid level cannot be determined solely by the inlet and outlet conditions of
the liquid receiver and must be calculated at the end of the simulation process by applying the law of mass conservation
as seen in Equations (10) and (11).
𝑀𝑙𝑟 = 𝑀𝑐ℎ − (𝑀𝑝𝑝 + 𝑀𝑒𝑣 + 𝑀𝑒𝑥 + 𝑀𝑐𝑑 + 𝑀𝑟𝑒𝑐 + 𝑀𝑝𝑖𝑝𝑒 + 𝑀𝑑𝑒𝑣 )
𝑀𝑙𝑟
𝐻𝑙𝑟 =
𝜌𝑐𝑑,𝑜𝑢𝑡 𝐴𝑙𝑟

(10)
(11)

4. ORC model
The flow chart of the fully deterministic ORC model is depicted in Figure 2. For the basic ORC (BORC) model,
only logic with straight lines is considered, as can be seen in the flow chart. The input parameters consist only of the
boundary conditions: heat source and sink information, rotational speed, charged mass, and ambient temperature. The
sub-models of each component are integrated and calculated by estimating the value of the iteration variable, which
is the pump outlet temperature and pressure and the expander outlet pressure. In the proposed method, the expander
inlet pressure is calculated based on the fact that the high-pressure in the system can be defined solely by the boundary
conditions as written in Equation (12) (Oh et al. (2022)). After calculating the evaporator model, the expander inlet
pressure is compared to the same pressure calculated from the pump outlet using the first algorithm. After convergence,
the expander mass flow rate is determined by finding the expander outlet pressure until the mass balance between the
pump and expander is satisfied using the second algorithm. Next, the condenser and pump models are calculated and
the pump outlet temperature is compared to its initial guess value. At this stage, the simulation is restarted by the third
algorithm if the convergence criteria are not satisfied. Finally, output parameters such as mass flow rate, generated
and consumed power, exchanged heat transfer rate, and liquid level in the liquid receiver are calculated. For the
recuperative ORC (RORC) model, the logic of the dotted line is included in the flow chart and additional estimates of
the expander outlet temperature are required. Also, another convergence criterion dictated by the fourth algorithm
must be satisfied in order to proceed to the final step.
̇ 0.0435𝑇𝑐𝑤,𝑖𝑛 −0.00601𝑉𝑐𝑤
̇ 0.00828 𝑁𝑝𝑝 0.688 𝑁𝑒𝑥 −0.294
𝑃𝑒𝑥,𝑖𝑛 = 11.8𝑇ℎ𝑤,𝑖𝑛 0.505 𝑉ℎ𝑤

(12)

The computational cost of the fully deterministic model can be extremely high due to the white-box models of
heat exchangers and scroll expander. Thus, the sub-models of these components are reduced to meta-models using the
artificial neural networks (ANNs). The required input conditions of each component are parametrized to create the
design of experiments (DOE) using the Latin hypercube sampling (LHS) method developed by McKay et al. (1979).
Consequently, the meta-models of the evaporator and scroll expander can be expressed as a form of activation function
as written as Equation (13), and the computational cost of the model is reduced without compromising the results.
𝑛

𝑚

𝑖=1

𝑗=1

1
𝑌 = 𝑎0 + ∑ 𝑎𝑖 tanh [ (𝑏𝑖 + ∑ 𝑏𝑗 𝑋𝑗 )]
2
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Figure 2: Flow chart of the fully deterministic ORC model

5. Results
5.1 Performance analysis of major components
The performance of major components is depicted in Figure 3. The P-V diagram of the expansion process in the
scroll expander is shown in Figure 3 (a). The isentropic expansion does not consider the mass leakage and heat transfer
phenomena, which is an ideal expansion process. In the actual expansion process, the pressure after the suction process
starts to decrease more sharply than that of the isentropic expansion due to the mass leakage from high-pressure
chamber to low-pressure chamber. Later, the leaked mass accumulates at the discharge process, resulting in the
increase of pressure.
The temperature and mass profile of heat exchangers can be observed in Figure 3 (b). Because of the large
difference in density between the vapor and liquid phases, the mass captured by the heat exchangers varies greatly
with respect to the flow direction. This phenomenon is referred to as the liquid-holdup effect, which is difficult to be
measured through experimental apparatus.
The liquid level of the liquid receiver is shown in Figure 3 (c). Unlike other components, the mass inside the
liquid receiver cannot be calculated with the inlet and outlet conditions. As a result, the liquid level is inversely
estimated by applying the law of mass conservation, where the charged mass is altered until the system is over- and
under-charged to find the upper and lower bounds. As the charged mass increased, the condensation pressure increased
to adapt to the change in the boundary condition.
1,000
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Isentropic expansion
Actual expansion

• Nex = 3,000 rpm

100

• T in = 92.9℃
• P in = 773.5 kPa
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40

18
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Mass
Evaporator
Condenser

T hw = 85℃
T hw = 95℃

Overcharged (Hlr = 31.86 cm)
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(a) P-V diagram of scroll expander
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Figure 3: Performance of major components derived from numerical models
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5.2 Controllability of evaporation and condensation pressure
The evaporation and condensation pressure characteristics of the ORC system are shown in Figure 4. During the
experiment, the evaporation pressure was controlled by changing the rotational speed of the pump and expander. The
volumetric flow rate ratio is defined as the relative volumetric flow rate of the expander to the that of the pump.
As shown in Figure 4 (a), the evaporation pressure increases as the volumetric flow rate ratio decreases. This is because
the high pressure increases proportionally as the flow resistance increases. This indicates that the evaporation pressure
can be controlled by adjusting the operating conditions of the rotating units. Condensation pressure, on the other hand,
is uncontrollable and is determined by other operating conditions such as charged mass and heat sink conditions.
This feature is even more evident, as can be seen in Figure 4 (b), where the condensation pressure is plotted against
the liquid level in the liquid receiver. As the charged mass increases, only the degree of subcooling is affected, while
the degree of superheat is unaffected and is controlled by the user.
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Condensation pressure
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T hw = 75℃

Pressure (kPa)

800

T hw = 85℃
T hw = 95℃
̇

600
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(Previous liquid receiver models)
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Evaporation pressure

̇
𝑉𝑒𝑥
𝜌𝑝𝑝
=
=
̇
𝜌𝑒𝑥
𝑉𝑝𝑝

400
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200
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0
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Volumetric flow rate ratio (-)
(a) Condensation and evaporation pressure with respect to volumetric flow rate ratio

(b) Degree of subcooling and superheat with respect to charged mass

Figure 4: Characteristics of evaporation and condensation pressure

5.3 Validation of the model
The simulation results are compared to the experimental results as seen in Figure 5. It was found that the
prediction error of the liquid level and the generated expander power were larger than other parameters. The main
reason for this result is the amplification of the condensation pressure error. Compressible fluids in low-pressure
regions become highly sensitive to small prediction errors due to the decrease in density and specific heat capacity.
Nonetheless, the simulation model is validated within 8% error range, which ensures the accuracy of the developed
model.
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Figure 5: Validation results of the fully deterministic ORC model
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5.4 Comparison of various models
The effects of applying previous modelling methods are compared to the current model in Figure 6. As
aforementioned in section 1, most of the previous models designated the degree of subcooling in order to calculate the
condensation pressure. At first glance, the results by specifying the condensation pressure look more accurate than
that of the current model in Figure 6 (a). However, it is important to recall that a fully deterministic model only requires
the boundary conditions of the system. As a result, the designation of the condensation pressure is identical to finding
the solutions of a problem with the answers already known.
On the other hand, the pre-specification of the evaporation pressure was found to be ignored in the previous
models. As mentioned in Equation (12), the evaporation pressure can be determined solely by the boundary conditions
of the system. Thus, an empirical model of the evaporation pressure needs to be developed prior to the development
of an ORC model. The simulation results of the ORC model that does not specify the evaporation pressure is shown
to be less accurate than that of the current model in Figure 6 (b).
The simulation results of a charge-sensitive ORC model are compared to that of the current model in Figure 6
(c). In order to develop a charge-sensitive model, the active calculation of the captured mass in each component is
required. However, the mass inside the liquid receiver cannot be pre-determined through active modelling and must
be calculated at the final stage of simulation. As a result, the liquid level inside the liquid tank should be the output of
the simulation instead of an input.
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Figure 6: Simulation results by applying previous modelling methods

5.5 Prediction of off-design performance
The simulation results of the off-design performance of the ORC are shown in Figure 7. The experimental data
in blue markers are compared to the simulation results to indicate that the newly developed model follows the trend
even in unexplored random design points. The expander isentropic efficiency and thermal efficiency that are used as
the system performance parameter are formulated as Equations (14) and (15). Based on the results, the novel ORC
model can be confirmed to be highly accurate and useful in predicting the off-design performance of the system.
𝜂𝑒𝑥,𝑖𝑠𝑒𝑛 =

𝑊̇𝑒𝑥,𝑠ℎ𝑎
𝑊̇𝑖𝑠𝑒𝑛

𝑡

𝜂𝑡ℎ

=

𝑊̇𝑒𝑥,𝑠ℎ𝑎

𝑡

𝑚̇𝑤 (ℎ𝑒𝑥,𝑖𝑛 − ℎ𝑒𝑥,𝑜𝑢𝑡,𝑖𝑠𝑒𝑛 )
𝑊̇𝑒𝑥,𝑠ℎ𝑎 𝑡
=
𝑄̇𝑒𝑣

(14)
(15)

The developed ORC model is also capable of detecting operation failure cases as seen in Table 2. Mainly, four
types of failure can be pre-detected before the incident: under-charged, over-charged, over-expansion, and nonevaporation. In under-charged and over-charged cases, the amount of charged mass must be adjusted to avoid pump
cavitation and condenser flooding, respectively. Also, the over-expansion must be avoided in order to generate
effective torque in the expander. Lastly, the evaporation pressure should be below the maximum saturation pressure
to supply superheated vapor into the expander. This feature of the fully deterministic ORC model is expected to be a
powerful tool to extend the lifespan of the test facility and ensure user safety.
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Figure 7: Simulation results of random design points

Scenario

Boundary
conditions

Results

Table 2: Operation failure scenarios of ORC system
1
2
3
4
Thw,in (℃)

94.4

66.2

65.8

65.6

Tcw,in (℃)

12.4

19.0

23.6

20.3

Npp (rpm)

455.6

165.4

158.7

423.2

Nex (rpm)

2619

1812

2999

2802

Mch (kg)

4.39

7.30

5.36

6.85

Pmax (kPa)

925.8

438.7

434.0

431.1

Pex,in (kPa)

884.2

413.2

336.4

743.9

Pex,out (kPa)

178.9

147.7

181.6

-

Hlr (m)

0.054

0.367

0.224

-

Undercharged

Overcharged

Overexpansion

Nonevaporation

Cause of failure

6. CONCLUSIONS
In this study, a fully deterministic ORC model that only requires the boundary conditions as the input parameters
is newly developed with the aid of experimental investigation. Off-design experiments were conducted to examine
the characteristics of evaporation and condensation pressure formation processes. Numerical models of the major
components are developed and integrated into the ORC model using a three-stage solver. The developed simulation
model is experimentally validated and the computational cost is greatly reduced by using meta-models. The effects of
utilizing previous modelling methods are compared to each other to emphasize the importance of the projection of
reality-based logics. The simulation model is found to be highly accurate and useful in predicting the off-design
performance of the system. Notable conclusions are summarized as follows:
 The performance of major components is analyzed by developing individual numerical models. Under- and
over-expansion process of the scroll expander are revealed in detail and the liquid-holdup effect of the heat
exchangers is elucidated. Also, the liquid level of the liquid receiver is shown to be determined by other
components and cannot be actively calculated.
 The evaporation pressure can be controlled by the user by altering the rotational speed of the pump and
expander. The evaporation pressure is the only internal parameter that can be directly determined by the
boundary conditions of the system. Meanwhile, the condensation pressure is unaffected by the volumetric
flow rate ratio and cannot be controlled.
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A three-stage iterative solver architecture is proposed to fully predict the off-design performance of the basic
ORC. Reality-based logics obtained from the experimental and component-level analysis are applied to the
ORC model.
The simulation results of the developed model are compared to the experimental results. The current model
is validated within 8% error range.
The current model is compared to the previous models to investigate the effect of different modelling methods.
The developed model is superior to the previous models in terms of accuracy, predictability, and usability.
The developed model is capable of predicting off-design performance of undiscovered operating conditions and
detecting operational failure scenarios. This type of ORC model can contribute to system diagnosis and design
optimization.

NOMENCLATURE
A
C
ε
η
H
M
𝑚̇
N
P
𝑄̇
ρ
T
V
𝑉̇
𝑊̇

area
heat capacity rate
effectiveness
efficiency
height
mass
mass flow rate
rotational speed
pressure
heat transfer rate
volumetric flow rate ratio
density
temperature
volume
volumetric flow rate
work rate

Subscript
cd
ch
ev
ex
isen
l
lr
pp
th
wf

condenser
charged
evaporator
expander
isentropic
liquid
liquid receiver
pump
thermal
working fluid

̇

(m2)
(kW/K)
(-)
(-)
(m)
(kg)
(kg/s)
(rpm)
(kPa)
(kW)
(–)
(kg/m3)
(℃)
(m3)
(m3/s)
(kW)
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